We report an in situ examination of individual Si p-n junction nanowires (NWs) using off-axis electron holography (EH) during transmission electron microscopy. The SiNWs were synthesized by chemical vapor deposition with an axial dopant profile from n-to p-type, and then placed inside the transmission electron microscope as a cantilever geometry in contact with a movable Pt probe for in situ biasing measurements during simultaneous EH observations. The phase shift from EH indicates the potential shift between the p-and n-segments to be 1.03 ± 0.17 V due to the built-in voltage. The I-V characteristics of a single SiNW indicate the formation of a Schottky barrier between the NW tip and the movable Pt contact. EH observations show a strong concentration of
Introduction
Silicon nanowires (SiNWs) have attracted tremendous attention over the past decade because of their unique electronic properties and promising applications as building blocks for nanoscaled photonic and electronic devices [1] [2] [3] [4] . More recently, SiNWs have also been demonstrated to be very promising for emerging sustainable energy technologies, such as photovoltaic solar cells and lithium ion batteries (LIBs) [2] [3] [4] . Regardless of the specific application, charge transport will be involved in such new electronic nanoscale systems, where conventional theories for bulk materials may no longer be applicable. In particular, SiNWs must be interfaced with other materials and operated at different electrical potentials, where the contact properties are critical to the overall functionality of the devices [5] . It is thus of great significance to understand the underlying science of contact formation and use it to precisely tailor proper electrical contacts on the nanoscale.
In working towards the design of SiNW heterostructures with more sophisticated band-engineering, much work has been conducted on the properties of individual SiNWs by means of microscopy, spectroscopy and charge-transport techniques, where no contact is needed or only simple Ohmic contacts are required [1] [2] [3] . Further work has similarly investigated junctions of nanowires with p-type and n-type doping explicitly fabricated by controlled synthesis techniques [6] [7] [8] [9] . For other purposes that intentionally utilize the potential barrier at a metal-Si interface, special attention has been paid to characterize the electrical properties of such junctions [10] [11] [12] . In order to truly understand the SiNW properties on the nanoscale and to provide the capability of correlating measured transport properties with directly observed microstructure, we were motivated to perform in situ electrical measurements during simultaneous observation within a transmission electron microscope (TEM). This approach provides the additional opportunity to implement electron holography (EH), a powerful technique for quantifying and mapping electrical fields in and around nanoscale structures [13, 14] . Most ex situ electrical studies of single SiNWs have been conducted by putting the SiNW on a substrate and depositing metal terminals onto it, forming a radial, side-contacted geometry [8] [9] [10] [11] [12] . Inside a TEM, however, a substrate would necessarily interact with the imaging electron beam, introducing unwanted contrast, decreasing the coherence of the exiting electron wave, and/or causing an electrostatic charging that may obstruct or completely screen the intrinsic fields of the specimen. Therefore, in this study, we present another strategy to make end-contact to cantilevered SiNWs by touching with a metal electrode in vacuum using a nanomanipulation probe. To study the effects of doping and band-engineering in such nanostructures, nanowires with controlled p-n junctions were fabricated and observed. The results show the effect of the p-n doping profile on the Fermi energy, and under biased conditions they also indicate a stronger influence of a metal-semiconductor Schottky barrier at the end-contact of the nanowire.
Experimental setup
The SiNWs in this study are grown directly on highly doped n-type Si substrates (1-5 m cm) using a chemical vapor deposition (CVD) technique. First, gold colloids (80 nm in diameter) are dispersed onto the Si substrate. Then, the sample is loaded into a cold-wall low-pressure CVD reactor at a base pressure of 1.0 × 10 −6 Torr and heated to 470 • C in order for the gold colloids to form a eutectic mixture with Si. Precursors of silane (50% SiH 4 in H 2 ) and n-type doping gas phosphine (500 ppm PH 3 in H 2 ) are simultaneously introduced into the chamber with flow rates of 220 sccm and 32 sccm, respectively, and a chamber pressure of 3 Torr. After 13 min, the n-type doping gas is replaced by the p-type doping gas diborane (100 ppm B 2 H 6 in H 2 ) at a flow rate of 100 sccm for 4 min. In order to remove the vapor-solid-grown p-type shell that is simultaneously and unintentionally deposited on the outer surface of the n-type region during the latter growth step, the sample is immersed in 2.5% HF to etch for 30 s. The resulting SiNW structures are in sequence, an n + -Si substrate, ∼10 µm-long n-type (∼10 20 cm −3 ) SiNW segment, ∼3 µm-long p-type (∼10 19 cm −3 ) SiNW segment, and Au catalyst cap, where the NW lengths and doping concentrations are well-estimated based on prior calibrations of controlled CVD NW growths. The diameter of the resulting nanowires is determined by the Au catalyst particles (∼120 nm), in addition to the non-catalytic overgrowth of Si, which can form thicker, tapered structures, as shown in figure 2(a). The fabrication of a single-SiNW device is realized in two strategies. For in situ investigations, the as-grown Si substrate is cleaved into a small tapered wedge, which is then mounted onto an electrically grounded specimen stub within a customized TEM nanomanipulation specimen holder (NanoFactory Instruments) using conductive silver tape. The TEM holder is equipped with a piezo-driven Pt probe which is capable of precise three-dimensional movements for approaching and simultaneously providing electrical bias to the SiNWs in a cantilevered geometry, as depicted in the schematic in figure 1. For comparison, ex situ electrical studies are also performed, using SiNWs dry-transferred onto pieces of Si wafers (∼1 cm 2 ). These pieces have pre-patterned Au electrodes and additional electrical connections are made from these electrodes to the SiNWs, in a side-contacted geometry, using electron beam lithography (EBL), followed by thermal evaporation of 150 nm Pd and a lift-off process. A Keithley 236 source-measure unit was used for electrical measurements of individual SiNWs. Both conventional and in situ TEM observations as well as off-axis EH characterization were performed on a Schottky-emission TEM (JEM-2100F, JEOL, Ltd) equipped with an electrostatic biprism and operated at 200 kV. During EH operations, the biprism voltage was set in the range 30-45 V to obtain an appropriate field of view and spatial resolution of interference fringes of less than 10 nm. The phase reconstruction was processed by a dedicated script in the DigitalMicrograph software package (Gatan, Inc.) based on the fast Fourier transform (FFT) algorithm [14] .
Potential mapping of p-n junctions by electron holography
EH is an interferometric technique based on modern TEM, by which one can acquire the phase shift of an electron wave passing through the specimen relative to a corresponding coherent electron wave that is unaffected in its path [13] . The relative phase change carries the information about the material's electric and magnetic properties, expressed as
where C E is an energy-dependent constant with the value of 7.28 × 10 −3 rad V −1 nm −1 for 200 keV electrons, V 0 is the mean inner potential (MIP) of the material, e is the electron charge,h is the reduced Planck constant, B is the magnetic induction and A is the area of the integration [14] . For the semiconducting p-n junction SiNWs used in this study, the magnetic contribution can be omitted, and a simpler form can be given by
where V pn is the valence potential (Fermi level) due to the p-or n-type dopant relative to the mid-gap level and t is the projected thickness along the electron beam direction. The MIP, V 0 , which is often not considered in formulations of solid-state electronics, arises from the electrostatic potential due to the nuclei of the atoms, inside the valence shell of electrons. Since the conduction electrons are generally excluded from this space, by the Pauli exclusion principle, this inner potential is generally irrelevant to electronics and is neglected from conventional formulations. However, the high-energy electrons in a TEM can penetrate the valence shells, and this 'inside potential' thus plays a role in the phase observed by EH. The MIP, as it appears in this formulation, is a volume-averaged potential depending mostly on the atomic number (Z = 14) of silicon, its crystal structure, and its electron density. The absolute fractions of doped impurities are small, and thus the effect of dopant atoms on the MIP is negligible. For in situ measurements, an individual SiNW is cantilevered out in vacuum and contacted with the Pt probe of the nanomanipulator, as shown in the bright-field TEM image in figure 2(a) . The NW is uniform in diameter of ∼195 nm for the n-type segment, whereas it tapers to a slightly smaller diameter as the p-type growth proceeds. This geometric characteristic can be used to approximately indicate where the p-n junction is located. At a zero-bias condition, in which both ends of the NW are grounded, multiple electron holograms were recorded along the NW axial direction, starting from the Au tip toward to the substrate. The p-n junction of the SiNW is identified at the boxed region shown in figure 2(a) , and the corresponding electron holographic phase image is shown in figure 2(b) . A line profile along the center of the NW, indicated by the black arrow, is plotted in figure 2(c) , where the phase gradually increases and then jumps to a plateau. Another line profile across the NW, along the white arrow, is plotted in figure 2(d) . According to equation (2), a model calculation is carried out, with a position-dependent thickness given by an ideal circular cross-sectional shape, and the result is overlaid as the red line in figure 2(d) . The good quantitative agreement between the experimental and the calculated phase profiles indicates that the cylindrical geometry model is accurate and the MIP can be extracted from an average of the p-and n-doped regions as V 0 = 11.8 V, which is reasonable compared to the literature values of ∼12 V [15] [16] [17] . The actual diameters along the exact positions of the plotted region of the SiNW were also measured from high-resolution TEM images, and, using the diameters to obtain the approximate thickness profile along the NW axis, we determined the total potential from the phase shift, as illustrated in figure 2(e). It is obvious that two plateaus with values of 11.23 ± 0.11 V and 12.26 ± 0.06 V represent the total electrostatic potential of p-and n-doped segments, respectively, with a potential drop of 1.03 ± 0.17 V and a depletion width of ∼286 nm. In the absence of any applied bias, the potential change across a p-n barrier is determined by
where k is the Boltzmann constant, T is the absolute temperature, and N a , N d and N i are the acceptor, donor and intrinsic carrier concentrations, respectively [18] . Using a simple abrupt doping profile model and the nominal doping concentrations (N a = 10 19 cm −3 and N d = 10 20 cm −3 ), we calculated the room temperature (300 K) p-n junction properties of the SiNW [19] , determining a built-in potential, V bi = 1.13 V, and depletion width of ∼13 nm. Comparing the experimental and calculated data, the EH-determined V bi of 1.03 V across the junction barrier is within a reasonable agreement, given the nominal doping concentrations, although it might also imply an actual dopant concentration as low as 1-2 orders of magnitude less than these nominal values. Additionally, the more broadened depletion width for the dopant inversion from n-type to p-type for CVD vapor-liquid-solid (VLS) NW growth can be anticipated due to the liquid reservoir effect of the AuSi liquid catalyst upon switching dopant vapor species, similar to that observed for Si-Ge axial heterostructure growth, with an expected transition width of approximately 1-2 times the NW diameter [20, 21] , rather than the abrupt junction in the model. Similar EH observations were carried out when a positive or negative voltage was applied to the SiNW. However, no obvious difference of phase change was detected at the p-n junction region relative to the unbiased condition. It is implied that the influence of the p-n barrier was mitigated by other contributions, which is confirmed by further investigations to be a metal-semiconductor Schottky barrier, as described below.
Schottky barrier at metal-SiNW interface
The in situ electrical transport measurements were performed on an individual SiNW when the Au tip of the NW is in point contact with the Pt probe, and a typical current-voltage (I-V) curve is shown in figure 3(a) . It is noted that this I-V curve displays an inverted rectification behavior for the expected p-n junction configuration, which is consistent with a hypothesized Schottky contact between the Pt probe tip and the p-type SiNW, rather than an Ohmic contact. This contact is very resistive, with a contact resistance R C 1 G at a bias of 1 V. Such inverted rectification is commonly observed in numerous p-n junction SiNWs, as well as in simple model devices containing only pure n-or p-type SiNWs, and thus the rectification is most likely attributable to the effect of a Schottky barrier (details can be found in supporting information available at stacks.iop.org/Nano/ 24/115703/mmedia). For further comparison, another SiNW p-n diode with two terminals was fabricated by EBL in the side-contact geometry, as described above and depicted in the SEM image of figure 3(b) . The I-V curve was measured ex situ on a probe station, showing a strong rectification consistent with the p-n configuration and further indicating an Ohmic contact between the EBL electrodes and the SiNW itself. In this EBL geometry, the resistance of the SiNW (R NW ) can be estimated from the current at 1 V forward bias to be ∼1.5 M , since the contact resistances are typically 1-2 orders of magnitude lower. Thus, during the in situ biasing experiments, the actual voltage applied on the Si p-n junction itself is too low to create an appreciable shift of the energy bands, and the holograms in this region show no detectable influence of the bias.
Instead, the bias shows a strong influence on the electron holograms captured in the vicinity of the SiNW tip. Figure 4 shows line profiles of the phase shift along the SiNW at positive and negative biases of ±3 V. The data points in the dotted line around ∼1.7 µm away from the Au tip are artifacts due to the strong electron diffraction (Bragg diffraction) caused by the local bending of the NW. This reduces the contrast of the holograms and produces localized defects in the phase reconstruction, but, nevertheless, it does not obscure the overall trend of the phase shifts. When −3 V is applied to the NW tip, the Schottky barrier is forward biased, with R C only a few times greater than R NW . Thus, the potential has a modest jump at the Schottky contact, followed by a linear increase with less slope toward the NW base. On the other hand, when +3 V is applied to the NW tip, the Schottky barrier is in reversed biased condition, with R C R NW , where almost all the potential drop is in the contact region, leaving the NW near ground potential. Moreover, it is worth noting that the depletion width of the Schottky contact for −3 V and +3 V biases appears to be ∼0.6 µm and ∼1.5 µm, respectively. This is in agreement with the correct sense for a metal-semiconductor Schottky barrier, and is quantitatively close to the values reported elsewhere [11] . Since the SiNWs are highly doped for both p-and n-segments, they should not readily form Schottky barriers. However, the occurrence of Schottky barriers has been commonly found in numerous SiNWs, which may possibly be attributed to lower effective doping levels near the tip due to the presence of compensating surface states [22] , and perhaps a surface work-function difference caused by surface oxidation and/or defects [23, 24] . It is also useful for in situ microscopy studies to learn that this type of mechanical point-contacting does not provide a stable electrical connection with good Ohmic-contact performance. In order to make a functional nanodevice on the single-SiNW scale, more robust electrical contacts must be ensured, for instance, by metallurgical bonding or by first forming a metal silicide region at the NW tip.
Conclusion
In summary, we have synthesized SiNWs with axially doped p-and n-type segments by a CVD technique, and we have examined the transport and structural properties of individual SiNWs by TEM and EH. Under unbiased conditions, EH results show an obvious potential shift across the p-n junction barrier, with values of 11.23 ± 0.11 V and 12.26 ± 0.06 V for p-and n-doped regions, respectively. The potential shift due to the built-in voltage is 1.03 ± 0.17 V, slightly lower than the theoretical estimation, which may suggest that the actual doping concentration is lower than the expected value. The I-V characteristics of a single SiNW were measured through both in situ and ex situ approaches, and they indicate that a Schottky barrier is formed when the SiNW is contacted at its tip by mechanical manipulation. The Schottky contact shows a very high resistance, accounting for most of the applied bias, and resulting in isolation of the energy bands near the p-n junction from the influence of the electrical bias.
